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Abstract

Metal matrix composites (MMCs) containing matrices with nanometer grain sizes have been
produced from pure aluminum nano-powders (particle sizes S0 — 200 nm) with SiC
reinforcement (particle sizes 3 — 10 um). The pure Al nano-powders were produced using an
exploding wire technique. Dynamic loading using a magnetic impulse technique has been used to
compact the MMC to high density. The dynamic compaction process results in excellent
wetting of the SiC particles by the nanocrystalline Al powders, and the retention of a nano-
crystalline grain size in the MMC. Microstructural analysis of the resulting MMC showed a
highly uniform distribution of SiC particles with no visible defects or pores and the absence of
deleterious phases (such as Al4C3) at the interfaces between the aluminum nano-grains and the-
SiC particles. The microstructures produced and the evolution of microstructure during

dynamic compaction has also been studied using TEM and found to progress in three stages.
These three stages are described.



Introduction

Metal Matrix Composites (MMCs) provide the opportunity to design advanced materials for a
wide range of engineering applications. In many cases, MMCs can have properties and
characteristics that are not attainable in either metals or alloys. As a result, MMCs have
recently been examined and utilized for a wide range of industrial applications [1]. It is
generally recognized that the properties of MMCs improve with decreasing reinforcement size
and decreasing grain size in the matrix alloy [2]. However, current methods for producing
MMCs (for example aluminum alloys reinforced with SiC), which often involve casting
techniques, have serious limitations with the minimum size of reinforcement that can be
successfully processed as well as the minimum grain size of the resulting product. In addition,
current casting techniques have processing difficulties that limit the combinations of matrix alloy
and reinforcement that can be successfully combined into an MMC. Perhaps the most serious
limitation is poor wetting (or even lack of wetting) between the matrix and reinforcement. There
are techniques for improving wetting through modifications of the reinforcement or through
minor additions to the molten alloy. However, these methods are generally either labor
intensive or result in a MMC with inferior properties.

Dynamic compaction of the MMC components under very high pressure offers the possibility
for improved wetting of matrix and reinforcement. In addition, with dynamic compaction it is
possible to process matrix alloys with nano-scale grain size without significant grain growth.
The present study was focused on the investigation and development of new MMC production
methods using a magnetic impulse technique. Surface active nano-powders were used for the
matrix, which resulted in improved wetting and service properties. It is also possible to use
nano-scale powders for the reinforcing phase as well. Present methods of casting aluminum
MMCs do not use SiC particle less than 9-10 pm in size. Using the magnetic impulse technique
for dynamic compaction, SiC particles less than 1 pm can be successfully processed. These
MMCs with smaller reinforcement size will have better properties. These new materials are
expected to have a wide range of products in aircraft, space and automotive applications. In this
paper we report on the microstructures produced due to dynamic compaction of nano-powders

using the magnetic impulse technique. The evolution of the microstructure during dynamic
compaction is also described.

Processing and Characterization Procedures

For the present study, MMCs were produced from commercially pure aluminum nano-
powder with particle size of 50 — 200 nm and silicon carbide powder with particle size 3 — 10
pm. The mass fraction of silicon carbide powder in these composites was varied from 20 —
40%. The aluminum nano-powder was produced using the exploding wire technique [3-5] and
stored in a hexane solution. The component powders were stirred in a conserving liquid
(hexane) with simultaneous ultrasonic vibration so as to obtain a uniform distribution of
reinforcement within the matrix component. After mixing, the powders were settled out of the
hexane and then placed in a vacuum press-box for drying. The dried mixture was then heated
to 300°C and compacted by dynamic loading using the uniaxial magnetic-impulse (MI)
pressing technique [6-8]. This method generated a load of up to 900 kN and a pulse duration
of 500 us. The pressure applied to the samples was about 1-2 GPa. The resulting samples



had a diameter of 15 mm and a length of 10-15 mm. Prior to magnetic impulse pressing, the
powder was degassed in a vacuum with residual pressure of 1 Pa and simultaneous heating the
powder to 200-400°C. This process removed gases from the surface of the particles and
prevented oxidation of the metallic component of the powder mixture. Pressing was- made
during continuous vacuum pumping at temperatures from 20 to 300°C. The resulting
microstructure was then studied with a “Neophot-30” optical microscope and a JSM-35CF
scanning electron microscope. The fine structure of the MMC was investigated with a
transmission electron microscope “JEM 2000 FX”. Specimens for transmission microscopy
were prepared using an ion beam thinning method.

Microstructure and Microstructural Evolution

Analysis of cross-sectional surfaces of the MMC produced in this study after compaction
showed a homogeneous distribution of SiC particles within the monolithic matrix. The MMC
had an average grain size in the matrix of 100-200 nm. In addition, there were no visible defects

and pores. These microstructural features are expected to result in a high density as a result of
dynamic compaction.

Examination of samples by transmission electron microscopy revealed three stages of structure
evolution in the MMC matrix due to dynamic compaction. Before compaction matrix nano-
particles have a spherical shape. During the first stage of compaction (Fig. 1), the spherical
particles of various sizes form a continuous and porous compact due to welding of particles at
contact points. The particles retain their spherical shape.

Figure 1. TEM showing the
formation  of the  matrix
structure. Spherical particles of
various sizes form a dense
compact due to welding at
contact points.

During the second stage of microstructural evolution, nano-particles become nano-grains in the
Al matrix (Fig. 2). This structure results as particles deform, rotate and snag against each other.
The deformation produces a microstructure that has maximum dense packing of particles.

However, as shown in Fig. 2(a) and (b), individual particles do not lose their identity and the
result is an aluminum matrix of nano-grains.
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Figure 2. Second stage in the formation -of matrix microstructure — nano-particles become
nano-grains in the aluminum matrix. (a) Interface between the aluminum matrix and silicon
carbide reinforcement, (b) microstructure in the aluminum matrix and (c) additional detail

in Zone A from (b). (TEM).

Figure 3 shows the matrix microstructure after the third stage of microstructural evolution.
During this third stage, some nano-grains loose their identity. These grains become consolidated
by a mechanism of collective recrystallization in which the boundaries between individual
contacting particles disappear. Such a structure is typical for MMCs formed from a matrix of

nano-scale powders using dynamic compaction. Subsequent thermal treatment can change this
structure.
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Figure 3. Third stage in the formation of matrix microstructure — consolidation of nano-
grains by the mechanism of collective recrystallization. (a)Aluminum matrix, (b) growth of
the aluminum grains and (c) consolidated nano-scale aluminum grains between SiC

particles. (TEM).

Microstructural examinations of the as-processed MMCs using TEM, SEM and optical
microscopy showed dense compaction and a robust, well-defined interface between the Al
nano-grains and the SiC particles. At each stage of MMC microstructure formation during
compaction, the matrix material adheres well to the SiC particles. Even during the first stage of
structure formation, the aluminum nano-powder is uniformly distributed and fills all regions
between the particles. As shown in Fig. 4, good contact between the matrix and SiC particles
was obtained even at sharp edges and extrusions. During further development of the structure,
one can see dense contact between the SiC particles and the Al matrix throughout the entire
volume of MMC. This observation is illustrated by Fig. 5, which shows a narrow (200-300 nm
wide) region between particles. This region is completely filled with nano-scale grains that
show good contact between themselves and the SiC particles. During transition to the third
stage of microstructure development (grain growth by collective recrystallization), excellent
contact is maintained between the matrix and the reinforcing particles. This point is illustrated
by Figure 6 which shows a large inclined region at the interface between the aluminum matrix
and a SiC particle. The interface is well defined and doesn’t show any deleterious phases or
reaction products (such as Al4C;), which would compromise the strength of the interface.



Figure 4. Dense distribution of nano-scale
particles in cavities between SiC reinforcement.
N Micrograph shows dense contact between Al
| nano-particles and reinforcement. (TEM).
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Figure 5. Micrograph showing a 200-300 nanometer-wide gap between reinforcing
particles. The gap is completely filled by the aluminum nano-grains. (a) Dense contact
between aluminum nano-grains and SiC particles during the second stage of microstructure
development and (b) additional detail in Zone A from (b). (TEM).
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Conclusions

Dynamic loading using a magnetic impulse technique has been used to compact a MMC
consisting of nano-scale Al powders and SiC reinforcement. The resulting product had a
uniform distribution of the reinforcing phase and a dense matrix with a grain size of 100-200 nm.
The matrix did not show any voids or incompletely compacted regions. The magnetic impulse
technique produces a matrix with minimal grain growth during compaction. In addition, the
process produced sharp, well-bonded interfaces between the nano-scale Al grains and the SiC
reinforcement and did not lead to the formation of any interface phases such as Al4C;. Three
distinct stages of microstructure development during dynamic compaction have been observed.
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